Till date, studies that investigated the effect of glutaraldehyde concentration on catalytic efficacy of biocatalyst developed with silica-derived from oil palm leaves (OPL) as support, are unknown. The study presents the preparation of support consisting of silica extracted from OPL coated over magnetite (G/A/SiO2-M) for the immobilization of Candida rugosa lipase (CRL). Herein, the effect of glutaraldehyde concentration on the catalytic efficacy of immobilized CRL was assessed by the enzymatic production of butyl butyrate as a model. Fourier transform infrared (FTIR) spectra and immobilization parameters indicated that covalent bound CRL on functionalized OPL-derived silicamagnetite composite activated with 4% (v/v) glutaraldehyde solution (100 mM, pH 7.0) (CRL/G/A/SiO2-M) and pretreated in toluene, resulted in a protein loading and an immobilization yield of 68.3 mg/g and 74.3%, respectively. The resultant CRL/G/A/SiO2-M biocatalyst with a specific activity of 61.9 U/g could catalyze the esterification production of 76.5% butyl butyrate in just 3 h, as confirmed by analyses of the purified ester using FTIR and 1 H NMR spectroscopy. Hence, the finding envisages the promising use of G/A/SiO2-M support fabricated from discarded OPL as a carrier for immobilization and activation of CRL, in conjunction to being a good alternative source of renewable silica.
■ INTRODUCTION
Candida rugosa lipase (CRL) is a versatile biocatalyst widely used as a biocatalyst for a myriad of biotransformation processes in industries. The reasons behind this have to do with its well-reported good stereospecificity, high enantioselectivity, and stability in organic solvents, as well as possessing good thermal stability, the capability of catalyzing a plethora of important industrial reactions. Among these reactions, CRL catalyzes several reactions including hydrolysis, transesterification, esterification, and interesterification which require mild optimal working conditions through an energy-saving route [1] [2] [3] [4] . However, like any other forms of free enzymes, the free form of CRL is vulnerable to deactivation under harsh industrial settings [5] . This shortcoming can be circumvented by the immobilization of CRL onto suitable supports, preferably those fabricated using cost-effective and renewable sources.
Resorting to using renewable and cost-effective natural polymers, for instance, rice husk [6] , chitosan [7] , bamboo [8] and OPL [3] to prepare matrices for biocatalysts development, is in fact, a greener technique for this purpose. Numerous studies exploring the different plant-based matrices have been reported. An earlier report [9] found that ash from hydrochloric acidtreated OPL can contain as much as 95.30% silica (SiO2). This study is particularly interested in SiO2 following a large number of reports on its reliability as inorganic support for enzyme immobilization [10] , in conjunction with its high enzyme loading capability [11] . Moreover, obtaining SiO2 from OPL may not be an issue as the biomass is readily available in large quantities throughout the year, especially in countries such as Indonesia and Malaysia which have vast oil palm plantations [12] . Plant-Based silica as a matrix for enzyme immobilization can be an environmentally friendly option while potentially being a source of revenue for nations.
Most importantly, immobilization of CRL onto suitable support can potentially yield many benefits, especially in improving the robustness of the lipase. In fact, the immobilization of enzymes onto matrices offers many advantages among others; i) promotes easy recovery of the catalyst from the reaction medium, ii) allows re-use of the enzyme for multiple catalytic cycles with minimal contamination of reaction product and iii) enhancing enzyme specificity and selectivity [13] [14] . Aside to being cost-effective, enzyme immobilization allows the enzyme to be stored for longer duration without significant loss of activity while improving the operational stability of the enzyme in the presence of denaturing agents or under conditions of extreme pH and temperature [14] [15] . Immobilized enzymes have been successfully employed for biosensor production [16] , alongside the production of various bio-products [17] [18] , bioethanol and biodiesel [19] , biofuel cells and bioremediation of pollutants [20] . Having said that, in this study, we proposed the use of silica derived from a renewable source, i.e., discarded oil palm leaves (OPL) as support for immobilizing and activating CRL for the purpose of catalysis.
As far as we know, studies detailing the effect of glutaraldehyde concentration on catalytic efficacy of CRL immobilized onto OPL-silica remains unreported and the feasibility of this combination has yet to be charted. It is pertinent to note that the success of an enzyme immobilization protocol depends on the degree of activation imparted by the support on the immobilized enzymes [21] . Therefore, the effect of concentration of the crosslinker on CRL immobilized onto OPL-silica should be elucidated to improve the covalent immobilization technique of the lipase on this novel plant-based matrix. A versatile crosslinker, glutaraldehyde [22] was chosen to covalently bind the primary amino groups of CRL to the surface of OPL-silica support matrix (CRL/G/A/SiO2-M). This homobifunctional crosslinker activates the functional groups of different support matrices by linking the primary amino groups on the support surface with those of the protein molecules to be immobilized [3, 4, [22] [23] [24] .
To test the catalytic efficacy of CRL/G/A/SiO2-M, the study used the problematic esterification production of butyl butyrate as the model reaction, as the current commercial Fisher-Speier commercial production that typically uses sulphuric acid as the catalyst produces low yields (~50%) of this ester [2, 25] . In retrospect, the current synthetic method to produce butyl butyrate may be further improved by this biotechnological route by using the developed CRL/G/A/SiO2-M as the biocatalyst. Hence, this study which evaluates the effect of glutaraldehyde concentration on the catalytic efficacy of CRL immobilized onto glutaraldehyde-activated silica from OPL becomes imperative.
■ EXPERIMENTAL SECTION

Materials
Stabilized commercial CRL powder (≥ 700 U/mg) (Type VII, Sigma-Aldrich, USA), OPL, 3aminopropytriethoxysilane (APTES) solution (99%, Sigma-Aldrich, USA), glutaraldehyde (25%), bovine serum albumin (BSA; ≥ 96%; Sigma-Aldrich, USA), n-butyric acid (≥ 99%; QReC, New Zealand), 1-butanol (≥ 99%; QReC, New Zealand), NaOH (QReC, New Zealand), ethyl acetate (QReC, New Zealand), phosphate buffer (100 mM, pH 7.0), toluene (QReC, New Zealand) and phenolphthalein were used in our study. All the above reagents were of analytical grade.
Procedures
Extraction of SiO2 from OPL ash
Hydrochloric acid-treated OPL as previously described [9] , was calcined in Neberthern (R; Germany) furnace operating at 600 °C for 9 h to produce silica-rich OPL ash. SiO2 was extracted from OPL ash using a modified method described by Johan et al. [26] . OPL ash (10.0 g) was dispersed in a 3.5 M NaOH (QReC, New Zealand) solution (82.0 mL) and refluxed in an oil bath at 100 °C for 4 h under constant stirring at 200 rpm. The resultant sodium silicate solution was left to cool to room temperature, vacuum filtered using a Whatman 41 filter paper and the filtrate stored in a capped-plastic vial until further analysis.
Preparation of support
The support was prepared by dispersing freshly prepared magnetite (1.0 g) [3] in deionized water (5.0 mL), acidified with 6.0 M HCl (1 mL) and sonicated for 10 min. In a separate plastic vial, 6.0 M HCl solution (1.0 mL) was added to the sodium silicate solution (25.0 mL) to lower the pH of the solution to pH 12.0. The acidified sodium silicate solution was transferred to the magnetite solution and further sonicated for 15 min before transferring into a two-necked round bottom flask. The suspension was magnetically stirred at 300 rpm at 30 °C. Hexadecyl trimethyl ammonium bromide (Sigma-Aldrich, USA) (1.0 g) dissolved in deionized water (40.0 mL) was added into the flask, and the temperature was raised to 85 °C at a rate of 1 °C/min. Ethyl acetate (QReC, New Zealand) (3.5 mL) was rapidly added to the mixture and stirred at 600 rpm for 15 min before the mixture was cooled at ambient temperature [27] . The pH of the mixture was adjusted to ~ pH 6.5 by drop-wise addition of 6.0 M HCl. The suspension was magnetically stirred for 12 h at 300 rpm and afterward, was left to age at room temperature for a further 24 h. The resulting composite was collected by magnetic decantation and repeatedly washed with deionized water until neutral, followed by oven drying for 2 h at 100 °C. The dried sample was calcined at 550 °C at a ramping temperature of 1 °C/min for 5 h [27] . The freshly prepared composite was harvested and stored in a capped plastic vial for further analysis.
Functionalization and activation of silica-magnetite (SiO2-M) support with 3-aminopropytriethoxysilane (APTES) and glutaraldehyde (G)
The procedure described by Gunda et al. [23] was adopted with some modifications. Under fast stirring at 500 rpm, APTES solution (99%, Sigma-Aldrich, USA) (1.0 mL) was added by drop-wise into a two-necked round-bottomed flask (250.0 mL) containing preheated dry toluene (QReC, New Zealand) (50.0 mL). Then, SiO2-M (1.0 g) was dispersed in the APTES solution and refluxed at 85 °C with stirring at 180 rpm for 16 h. The resulting functionalized support (A/SiO2-M) were left to cool to room temperature and the supernatant decanted. The A/SiO2-M was rinsed with dry toluene and diethyl ether consecutively to remove unbound APTES, vacuum filtered through a Whatman 41 filter paper and then dried in a desiccator for 2 h. Next, A/SiO2-M powder (0.5 g) was dispersed in different concentrations of glutaraldehyde solutions (1, 2, 3, 4 and 5%,) (v/v) dissolved in 100 mM potassium phosphate buffer (25.0 mL, pH 7.0) and stirred at 180 rpm for 4 h at room temperature. The activated silica (G/A/SiO2-M) were washed three times with 5 mL potassium phosphate buffer (100 mM, pH 7.0), followed by vacuum filtration and left to dry in a desiccator for 16 h. The resultant G/A/SiO2-M supports were stored in a capped vial until further analysis.
Ninhydrin test
The non-reacted amine groups on G/A/SiO2-M were subjected to ninhydrin test as described in the literature [21] , with slight modifications. Ninhydrin solution was prepared by dissolving ninhydrin powder (100 mg) in a solvent system that consisted of butanol (50.0 mL), acetic acid (250.0 µL) and deionized water (2.3 mL). In a capped vial, ninhydrin solution (400.0 µL) was homogenized with deionized water (200.0 µL). A/SiO2-M (20.0 mg) were dispersed in the solution above and refluxed at 100 °C for 30 min before cooling to room temperature. The same procedure was repeated for G/A/SiO2-M. To each sample, 50:50 (v/v) ethanol/water system (5.0 mL) was added, the suspension homogenized and left to stand to form the Ruhemann's purple coloration. The absorbance of each sample was read at 570 nm, and the percentage of amino group present on the G/A/SiO2-M was determined using Eq. (1).
where P (%) is a percentage of NH2 group on the surface of the G/A/SiO2-M; A is the absorbance of the ninhydrin reagent/G/A/SiO2-M; B is the absorbance of ninhydrin reagent/A/SiO2-M.
Purification and immobilization of CRL onto G/A/SiO2-M
Purification of CRL was carried out using the method described by Elias et al., [2] with minor modifications. In this study, 500.0 mg of the stabilized commercial CRL powder (≥ 700 U/mg) (Type VII, Sigma-Aldrich, USA), was freshly prepared by dissolving in 100 mM phosphate buffer solution (25.0 mL) of pH 7.0 and stirred at 200 rpm for 10 min. The freshly prepared CRL solution was transferred into a spin column and centrifuged at 6842.16 × g for 10 min to remove the binder (starch). The immobilization procedure described by Zhu et al. [28] was adopted with some modifications. The freshly prepared CRL solution (20.0 mL) was transferred into a capped vial containing 1% glutaraldehyde-activated A/SiO2-M (1 g) and was left stirring for 12 h at 180 rpm. The resultant CRL/G/A/SiO2-M were vacuum filtered through a Whatman 41 filter paper and washed with copious amounts of 100 mM phosphate buffer solution (pH 7.0) to remove any unbound lipase. The resultant CRL/G/A/SiO2-M were air-dried in a desiccator for 12 h and stored at 4 °C until further use. The above procedure was repeated for 2, 3, 4 and 5% (v/v) glutaraldehydeactivated A/SiO2-M and 4% (v/v) glutaraldehydeactivated A/SiO2-M dispersed in toluene (5 mL). All CRL solutions were freshly prepared in this study.
Determination of protein loading, immobilized yield, and lipase activity
Quantification of protein in the enzyme solution, before and after the immobilization was carried out by the Bradford method, which used bovine serum albumin (BSA; ≥ 96%; Sigma-Aldrich, USA) as the protein standard and Bradford reagent protein-dye [29] . The loading capacity of immobilized protein (IP) was calculated based on the difference between the initial and final protein concentrations in the prepared immobilization solution (mg/g of support) (Eq. (2)) while the immobilization yield was calculated based on Eq. (3).
where, IP is the amount of CRL loaded on the support (mgprotein/gsupport); IY refers to the immobilization yield (%); Ci, Cs, and Cw are the protein concentration (mg/mL) of initial, supernatant and wash solutions of CRL, respectively; Vi, Vs, and Vw are the volumes (mL) of initial, supernatant and wash solutions of CRL, respectively and W is the weight of support (g).
Esterification activity was estimated based on the esterification reaction of n-butyric acid (≥ 99%; QReC, New Zealand) and 1-butanol (≥ 99%; QReC, New Zealand) catalyzed by CRL/G/A/SiO2-M. For the enzymatic reaction, a standard reaction was carried out in 15 mL screw-capped vial which comprised of nbutyric acid and 1-butanol (1:2) stirred in n-heptane (200 rpm) at 45 °C for 3 h. A blank containing 300 µL of the reaction mixture without the enzyme was titrated to determine the initial total acid content. Lipase activity was estimated using Eq. (4). One international unit of activity is defined as 1 µmol of butyric acid consumed in the esterification per min (1 IU) under assay conditions. All determinations were performed in triplicates.
( )
where Vo and Vi = Volumes (mL) of NaOH used to neutralize unreacted butyric acid in the reaction mixture without and with CRL, respectively. M = Concentration (mol/L) of NaOH. E = Weight (g) of protein in CRL/G/A/SiO2-M. T = Time (min) of incubation.
Purification of butyl butyrate and product characterization
The procedure described by Elias et al. [2] was adopted with minor modifications. In the present work, the biocatalysts (CRL/G/A/SiO2-M) were removed from the reaction mixture by vacuum filtration through a Whatman 41 filter paper. The unreacted butyric acid in the reaction mixture was removed by vigorously shaking the mixture in a separating funnel that contained 10 mL of NaOH solution (50 mM). It was allowed to stand for 10 min, and the aqueous layer was a run-off. The above procedure was repeated twice. Calcium chloride (CaCl2) solution (8 g in 10 mL of distilled water) was added to the remaining organic layer in the funnel, and the mixture was shaken vigorously. The resultant aqueous layer was run off. The mixture of 1-butanol and butyl butyrate was dried over anhydrous magnesium sulfate (MgSO4) (200 mg) and vacuum filtered as above. The unreacted 1butanol (bp. 117 °C) was distilled out of the mixture by rotary evaporation under vacuum at 80 °C in a 50 mL round-bottomed flask, leaving pure butyl butyrate (bp. 165 °C) in the flask. The purified butyl butyrate was collected and stored in capped vials for further analysis.
CRL/G/A/SiO2-M prepared using the various glutaraldehyde concentrations and the esterification production catalyzed by CRL/G/A/SiO2-M were characterized using Fourier transform infrared (FTIR) and proton nuclear magnetic resonance ( 1 H NMR) as described below.
Fourier transform infrared (FTIR) -attenuated total reflection (ATR). FTIR-ATR spectra for G/A/SiO2-M and the produced butyl butyrate at 0 h, 3 h as well as the purified ester were recorded on a 100 FTIR spectrometer (Perkin-Elmer Inc., Norwalk, USA) using one-bounce ATR mode. Each sample was placed on a diamond/ZnSe crystal plate, and the spectra were obtained at room temperature in transmission mode in the range of 4000-400 cm -1 at a resolution of 4 cm -1 . To ensure accuracy, spectral readings were taken in triplicates.
Proton nuclear magnetic resonance ( 1 H NMR).
Purified butyl butyrate was dissolved in deuterated chloroform (CDCl3), and its structure was elucidated using a 1 H NMR (Bruker Avance III-HD, 700 MHz) spectrometer operating on a 5 mm probe at 25 °C and the spectra were recorded in 16 transients. The experiment was performed at 298 K with 32 K complex points and a pulse length of 45°. A total of 128 scans of 8417 Hz spectral width was acquired within 3.8 sec duration.
■ RESULTS AND DISCUSSION
Efficacy of Support Activation
The success of an enzyme immobilization protocol depends on the degree of activation imparted by the support of the immobilized enzymes [20] . Hence, the ninhydrin test was conducted by the study to establish the extent of activation conferred by the A/SiO2-M or G/A/SiO2-M on the immobilized CRL.
Ninhydrin test
The success of an enzyme immobilization protocol depends on the degree of activation imparted by the support of the immobilized enzyme [21] . Hence, the ninhydrin test was conducted in the present study to establish the extent of activation conferred by glutaraldehyde on the surface of A/SiO2-M. Comparison between the various glutaraldehyde treatments on A/SiO2-M clearly indicated that the treatment with 1% (v/v) glutaraldehyde resulted in the lowest surface activation (Fig. 1) and retained 60.5% of NH2 groups on the surface of G/A/SiO2-M. This was followed by treatments with the 5, 2 and 3% (v/v) percent concentrations of glutaraldehyde which gave 59.0, 49.7 and 48.0% of remaining NH2 groups, respectively. High retention of surface NH2 groups for the 1% (v/v) glutaraldehyde treatment on A/SiO2-M observed here correlates well with the lower availability of glutaraldehyde for interaction with A/SiO2-M, conveying that much of the surface NH2 groups on G/A/SiO2-M did not undergo Schiff's base reaction to form imine bonds (C=N) with glutaraldehyde. This, in turn, resulted in fewer activated sites on A/SiO2-M for bonding with CRL.
Conversely, A/SiO2-M treated with 4% (v/v) glutaraldehyde gave G/A/SiO2-M with the lowest concentration of surface NH2 groups that corresponded to 37.6%. It proved that 4% (v/v) glutaraldehyde was optimal to achieve the highest percentage of activation sites on A/SiO2-M for CRL binding; thus this concentration was adopted in the subsequent process to immobilize CRL on A/SiO2-M.
Fig 1. Ninhydrin test showing the percentage of NH2 groups on G/A/SiO2-M after activation with glutaraldehyde FTIR analysis of G/A/SiO2-M
FTIR analysis is essential to monitor the effect of concentration of glutaraldehyde to prepare and immobilize CRL onto G/A/SiO2-M. FTIR spectra for all the various stages of activation (Fig. 2) showed typical broadband at 3420 cm -1 associated with the -OH stretching vibration which originated from the silanol (Si-OH) groups and trapped water molecules. Intense bands at 1108, 796 and 472 cm -1 were attributed to the asymmetric stretching, symmetric stretching and deformation modes of siloxane group (Si-O-Si), respectively. Similar vibrational stretching was also reported by other studies describing hierarchical porous silica obtained from tetraethyl orthosilicate (TEOS) as silica source [30] , and those reported for mesoporous SiO2 particles [31] [32] . The -CH2 stretching mode of the hydrocarbon skeleton observed at 2954 cm -1 in all the spectra (Fig. 2) , agreed well with a report by Majoul et al. [33] that used FTIR to investigate the progress of porous silicon functionalized with APTES.
All spectra (Fig. 2 ) revealed bands at 1556 and 1454 cm -1 that originated from the symmetric and nonsymmetric stretching vibrations of N-H of the primary amine from APTES as described in the literature [30] .
However, intensities of both bands marginally decreased with increasing concentration of glutaraldehyde from 1% (Fig. 2(a) ) to 4% (Fig. 2(d) ), as more molecules of glutaraldehyde are present in the preparation. A band at 1642 cm -1 in all the spectra (Fig. 2) corresponds to the C=O stretching vibration resulting from interactions between APTES and glutaraldehyde, suggesting that the support was successfully activated with glutaraldehyde, as similarly described by Gunda et al. [23] . Observably, intensity of this band increased with elevated concentrations of glutaraldehyde solutions from 1% (Fig. 2(a) ) to 4% (Fig. 2(d) ), whereas further increases in concentrations of glutaraldehyde beyond 4% (v/v) was seen as counterproductive ( Fig. 2(e) ), as clearly shown in the ninhydrin test when the percentage of NH2 groups on G/A/SiO2-M began to increase again (Fig. 1 ). Hence, 4% (v/v) glutaraldehyde concentration was adopted as the optimum concentration to activate OPL derived silica for lipase immobilization.
Effect of glutaraldehyde concentration
The effect of glutaraldehyde concentration on the immobilization efficacy of CRL onto G/A/SiO2-M was assessed as described in the Experimental Section. Data Fig. 3(a) ) agreed well with the results of the ninhydrin test in Fig. 1 and FTIR (Fig. 2) . The inverse correlation between results of the ninhydrin test and protein loading for enzyme immobilization was clearly demonstrated. The highest protein loading of 68.3 mg/g was observed for G/A/SiO2-M activated using 4% (v/v) glutaraldehyde that was pre-treated with toluene during CRL immobilization ( Fig. 3(a) ). The data corroborate the use of a hydrophobic solvent in an enzyme immobilization protocol being crucial in inducing the 'lid opening' phenomenon. Literature has shown that this additional treatment transforms the lipase into a 'frozen' active state (open conformation) on the surface of the support [14] . Our observation is in agreement with similar studies of earlier researchers [34] [35] [36] . Subsequent protein loadings were lower as the supports were not pretreated with toluene. The second highest protein loading at 48 mg/g was obtained with the use of 4% glutaraldehyde followed by 3% (44.0 mg/g), 2% (42.6 mg/g), 5% (41.6 mg/g), and the lowest was at 1% (v/v) of glutaraldehyde (40.4 mg/mg) ( Fig. 3(a) ). The study would like to highlight that, the highest immobilization yield of CRL on G/A/SiO2-M at 74.3% (Fig. 3(b) ) correlated well with data of the best outcomes in the ninhydrin test (37.6%) and protein loading (68.3 mg/g) for G/A/SiO2-M activated in 4% (v/v) glutaraldehyde pre-treated with toluene. A similar observation was also reported by Spinelli et al. [21] . These best conditions to prepare the CRL/G/A/SiO2-M yielded the highest specific activity and percent yield of butyl butyrate at 61.9 U/mg and 76.5%, respectively, in just 3 h of reaction. Consequently, CRL/G/A/SiO2-M prepared under similar conditions without pre-treatment in toluene was the second best, and gave immobilization yield, specific activity and percent yield of butyl butyrate at 55.7% ( Fig. 3(b) ), 31.8 U/mg ( Fig. 3(c) ) and 40.0% ( Fig. 3(d) ), respectively.
Results for subsequent protein loading ( Fig. 3(a) ), immobilization yield ( Fig. 3(b) ), specific activity ( Fig.  3(c) ) and percent of produced butyl butyrate ( Fig. 3(d improved when glutaraldehyde concentrations were elevated from 1 to 4% before a decline was observed. G/A/SiO2-M pre-treated with toluene consistently gave the best results. It is worth mentioning here that pre-treatment of G/A/SiO2-M with toluene during the immobilization process ensured that CRL molecules were immobilized in their predominant open form or active conformation on the surface of G/A/SiO2-M. It is described in the literature that the presence of a hydrophobic solvent, i.e., toluene will induce the displacement and opening of the lid of CRL that conceals the entrance into the active site. This mechanism is typically called interfacial activation. Toluene molecules bind to the hydrophobic lid of CRL and trigger the lid to open. This facilitates access of the substrates into the active site of the lipase, thereby resulting in higher lipase activity and immobilization efficiency [36] . The outcome seen in this study is consistent with the findings reported in the literature [37] [38] for lipase immobilization that also uses a hydrophobic solvent to activate the lipase. Likewise, it also indicated the imperative role of toluene in modulating and accomplishing the best conformation for immobilizing CRL onto G/A/SiO2-M. Hence, it is shown that pretreatment of G/A/SiO2-M in toluene during CRL immobilization was a key factor in ensuring high activity of CRL/G/A/SiO2-M. The highest protein load and immobilization yield were seen in this study also corroborate the abovementioned attainment of maximum enzyme specific activity and yield of butyl butyrate by CRL/G/A/SiO2-M. Perspectively, it is affirmed that a 4% (v/v) glutaraldehyde concentration followed by pre-treatment in toluene was crucial for activating APTES functionalized OPL-derived silica, as a carrier for CRL immobilization.
Product Identification
FTIR spectroscopy
FTIR-ATR spectra for reaction mixtures at 0 h, 3 h as well as the purified ester product are shown in Fig. 4 . A broad peak at 3449 cm -1 (Fig. 4(a) ) typically assigned to the O-H stretching vibrations for carboxylic acid was absent in the spectra for the 3 h esterification samples ( Fig. 4(b) ), as well as in the purified butyl butyrate (Fig.  4(c) ). The peak for C=O at 1714 cm -1 for the butyric acid dimer shifted to higher wavenumbers namely, 1740 cm -1 ( Fig. 4(b) ) and 1737 cm -1 (Fig. 4(c) ) [39] , for samples of the 3 h incubation and the purified reaction mixture, respectively, were characteristic for the presence of the ester. Multiple peaks corresponding to 1090, 1180 and 1255 cm -1 (Fig. 4(c) ), typical of C-O-C stretching vibrations of ester were also visible, though less prominent, in the spectrum of the 3 h incubation mixture ( Fig. 4(b) ) but were absent in Fig. 4(a) . The results were supportive of butyl butyrate being produced by the CRL/G/A/SiO2-M catalyzed esterification reaction. 1 H NMR spectrum of ester produced in the CRL/G/A/SiO2-M catalyzed the esterification of 1-butanol, and butyric acid depicted 16 protons that were characteristic for butyl butyrate (CAS: 109-21-7) ( Fig. 5 ). Signals at chemical shifts δ (ppm) 0.94 (3H, t, -CH3), 0.96 (3H, t, -CH3), 1.39 (2H, s, -CH2), 1.57 (2H, s, -CH2), 1.67 (2H, q, -CH2), 2.26 (2H, t, -CH2), and 4.05 (2H, t, -OCH2) are allotted to methyl, methylene and oxylmethylene protons, respectively. The oxylmethylene protons 'a', (δ = 4.05 ppm) was the most de-shielded proton that resulted from the high electronegative effect of oxygen. The de-shielding effect of oxygen is reduced in proton 'b' due to the intervening carbon, but has a much higher chemical shift (δ = 2.26) as compared to other methylene protons present in the compound. This is due to the moderately high electronegativity of the adjacent C=O carbon. The electronegativity effect of the heteroatom (oxygen) in the compound reduces along the chain, with the methylene protons 'c', 'd' and 'e' The shielding on protons 'f' and 'g' resulted in lower magnetic fields as indicated by their chemical shifts at δ = 0.94 and δ = 0.96, respectively. The absence of a chemical shift for OH imperatively indicated that both alcohol and butyric acid were absent. This was indicative of a well-purified product of the enzymatic esterification reaction. The data therefore, affirmed the enzymatically produced ester was butyl butyrate and, thus complemented the data seen in FTIR analysis for purified butyl butyrate ( Fig. 4(c) ).
Proton nuclear magnetic resonance ( 1 H NMR)
■ CONCLUSION
The findings of this study demonstrated that the catalytic efficiency of CRL/G/A/SiO2-M improved of the protein loading, immobilization yield, specific activity and ester yield when glutaraldehyde concentrations were elevated from 1 to 4% (v/v). Since a 4% concentration of G/A/SiO2-M pre-treated in toluene consistently gave the best results, this indicated the crucial role of toluene in facilitating achievement of the best conformation of CRL before immobilization onto the G/A/SiO2-M supports. The high protein loading and immobilization yield were seen in this study also corroborate the maximum enzyme specific activity and yield of butyl butyrate by CRL/G/A/SiO2-M. Thus, this immobilization procedure which uses a 4% (v/v) glutaraldehyde solution for activating APTES functionalized OPL-derived silica, followed by pre-treatment in toluene, appeared favorable to prepare CRL/G/A/SiO2-M with the highest activity.
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